Self-renewal and multilineage differentiation of mouse dental epithelial stem cells  by Chang, Julia Yu Fong et al.
Ava i l ab l e on l i ne a t www.sc i enced i r ec t . com
ScienceDirect
www.e l sev i e r . com / l oca te / s c r
Stem Cell Research (2013) 11, 990–1002Self-renewal and multilineage differentiation
of mouse dental epithelial stem cells
Julia Yu Fong Changa,b,⁎, Cong Wanga,c, Chengliu Jina,1, Chaofeng Yanga,2,
Yanqing Huanga, Junchen Liua, Wallace L. McKeehana,
Rena N. D'Souzab, Fen Wanga,⁎a Center for Cancer and Stem Cell Biology, Institute of Biosciences and Technology, Texas A&M University, Houston,
TX 77030–3303, USA
b Department of Biomedical Sciences, Baylor College of Dentistry, Texas A&M University, Houston, TX 77030–3303, USA
c College of Pharmacy, Wenzhou Medical University, PR ChinaReceived 9 February 2013; received in revised form 20 June 2013; accepted 21 June 2013
Available online 1 July 2013Abstract Understanding the cellular and molecular mechanisms underlying the self-renewal and differentiation of dental
epithelial stem cells (DESCs) that support the unlimited growth potential of mouse incisors is critical for developing novel tooth
regenerative therapies and unraveling the pathogenesis of odontogenic tumors. However, analysis of DESC properties and
regulation has been limited by the lack of an in vitro assay system and well-documented DESC markers. Here, we describe an
in vitro sphere culture system to isolate the DESCs from postnatal mouse incisor cervical loops (CLs) where the DESCs are
thought to reside. The dissociated cells from CLs were able to expand and form spheres for multiple generations in the culture
system. Lineage tracing indicated that DESC within the spheres were epithelial in origin as evident by lineage tracing. Upon
stimulation, the sphere cells differentiated into cytokeratin 14- and amelogenin-expressing and mineral material-producing
cells. Compared to the CL tissue, sphere cells expressed high levels of expression of Sca-1, CD49f (also designated as integrin
α6), and CD44. Fluorescence-activated cell sorting (FACS) analyses of mouse incisor CL cells further showed that the CD49fBright
population was enriched in sphere-forming cells. In addition, the CD49fBright population includes both slow-cycling and Lgr5+
DESCs. The in vitro sphere culture system and identification of CD49fBright as a DESC marker provide a novel platform for
enriching DESCs, interrogating how maintenance, cell fate determination, and differentiation of DESCs are regulated, and
developing tooth regenerative therapies.
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991Self-renewal and multilineage differentiation of mouse dental epithelial stem cellsIntroduction tissues, such as intestine and hair follicle, expression of theStem cells (SCs) that have the capacity to self-renew and to
give rise to differentiated progeny are of broad interest
because of their potential in regenerative therapy and their
purported role in tumor initiation and relapse. The ability to
identify and isolate SCs is essential for understanding
molecular mechanisms underlying SC self-renewal and
expansion, as well as their roles in tumorigenesis. Several
approaches have been used to isolate or define SCs from a
variety of organs. These include cell sorting based on SC
surface markers (Stingl et al., 2006; Lawson et al., 2007;
Spangrude et al., 1988), bromodeoxyuridine (BrdU) or other
long-term label retention for slow cycling activities
(Bickenbach and Chism, 1998; Tumbar et al., 2004), sphere-
forming assays for the self-renewal property (Reynolds and
Rietze, 2005; Dontu et al., 2003; Xin et al., 2007), and lineage
tracing for their progeny (Snippert and Clevers, 2011).
Emerging evidence shows that two types of SCs exist in
various tissues, in separate yet adjoining locations. The
slow-cycling SCs can be identified by long-term label
retention and active SCs that do not retain labels due to
rapid cell divisions can be identified by expression of Lgr5
(Leucine-rich repeat-containing G protein-coupled recep-
tor5) (Snippert and Clevers, 2011; Barker et al., 2007, 2012;
Huch et al., 2013).
Teeth are highly mineralized organs derived from the
dental epithelium and the underlying mesenchymal cells
originally from neural crest, which undergo a series of
sequential and tightly regulated processes to form a tooth
(Grobstein, 1967; Thesleff and Hurmerinta, 1981; Thesleff et
al., 1995). Five different lines of dental stromal cells that
possess SC properties have been established from developing
or mature human teeth (Gronthos et al., 2002; Miura et al.,
2003; Sonoyama et al., 2008; Seo et al., 2004; Morsczeck et
al., 2005). However, progressing in characterizing dental
epithelial stem cells (DESCs) has been slow. It has been
proposed that adult human teeth do not have DESCs since
ameloblasts, the terminally differentiated dental epithelial
cells, shed after tooth eruption in humans. Moreover, the
lack of culture systems and well-accepted surface markers
for DESCs further impede this research. Rodent incisors grow
continuously throughout life, which is made possible by the
existence of DESCs in the cervical loop (CL) region (Tummers
and Thesleff, 2003; Yokohama-Tamaki et al., 2006; Harada
et al., 1999; Harada and Ohshima, 2004). The presence of
DESCs in the CL region is evidenced by the gradual
differentiation of ameloblast-lineage cells apical to the
incisal direction (Mitsiadis et al., 2007), the directional cell
migration demonstrated by vital carbocyanine dye DiI
tracking, long-term BrdU retention, cell cycle kinetics
studies (Harada et al., 1999), and in vivo lineage trace of
Sox2 expressing cells (Juuri et al., 2012).
It has been proposed that slow cycling DESCs within the
CL mainly reside in the stellate reticulum (SR) (Harada et
al., 1999; Harada and Ohshima, 2004; Suomalainen and
Thesleff, 2010). Recently, however, by tracing the long-
term retention of H2B-GFP fusion protein (Tumbar et al.,
2004), it has been shown that slow cycling DESCs are mainly
located in the outer enamel epithelium (OEE) (Seidel et al.,
2010). Interestingly, similar to rapidly renewing adultactive SC marker Lgr5 has been found in the SR region of the
CL (Suomalainen and Thesleff, 2010). Several other SC
markers, such as Bmi-1, Oct 3/4, and Sox2 have recently
been reported to be expressed in the CL (Li et al., 2011;
Juuri et al., 2012). In vivo lineage tracing experiments
further shows that the Sox2 positive DESCs give rise to
multiple lineages of tooth epithelial cells (Juuri et al.,
2012). However, to date the isolation of DESCs is still
problematic because of the lack of DESC surface markers and
the paucity of in vitro assay systems for isolating and testing
DESC properties.
To address these critical issues, we established an
in vitro sphere culture system for DESCs isolated from the
CL. Thorough analyses indicated that the DESC sphere cells
displayed SC properties and expressed high levels of SC
markers, including Sca-1, CD49f (also designated as
integrin α6), and CD44. Furthermore, it was demonstrated
that CD49fBright was a suitable cell surface marker for
identifying and isolating DESCs. Therefore, our study
establishes a foundation for enriching and expanding
DESCs for dental regenerative treatments and for under-
standing DESC-related pathogenesis.
Materials and methods
Animals and isolation of tissues
All animals were housed in the Program of Animal Resources
of the Institute of Biosciences and Technology, Texas A&M
Health Science Center, and were handled in accordance with
the principles and procedure of the Guide for the Care and
Use of Laboratory Animals. All experimental procedures
were approved by the Institutional Animal Care and Use
Committee. Mice carrying the Nkx3.1Cre knock-in alleles (Lin
et al., 2007), ROSA26LacZ (Soriano, 1999), ROSA26EYFP
(Srinivas et al., 2001) reporter alleles, K5rtTA (Diamond et
al., 2000), H2B-GFP (Tumbar et al., 2004), Lgr5LacZ,
Lgr5EGFP-ires-CreERT2 (Barker et al., 2007), and Lgr4LacZ (Weng
et al., 2008) transgenes were maintained and genotyped as
described elsewhere. Inducible K5rtTA-H2BGFP expression
was achieved by administration of regular chow containing
0.0625% doxycycline (Harlan Teklad).
Dissociation of the CL epithelial cells for DESC
sphere culture
The CL regions defined as the apical tissue distal to the tooth
mineralized portion (Fig. 1A) were dissected from postnatal
day (P) 7 mice unless otherwise indicated. The dissected
tissue was first incubated in a solution containing 1 mg/ml
dispase and 1 mg/ml collagenase I (Life Technologies, Grand
Island, NY) for 30 min at 37 °C. Tissues were further
dissociated by incubation in 0.005% trypsin for 25 min at
37 °C with gentle pipetting. Cells were sieved through a
40 μm cell strainer (Falcon) to obtain a single-cell suspen-
sion. The cells were suspended in 50 μl oral epithelial
progenitor medium (CnT-24) (Cellntec Advanced cell sys-
tems, Switzerland), and mixed with Matrigel (BD Biosci-
ences) at a 1:1 ratio at a density of 50,000 cells/ml
in primary cultures and 10,000 cells/ml in subsequent
Figure 1 Identification of label retaining slow-cycling and Lgr5-expressing active dental epithelial stem cells (DESC) in the mouse
incisor cervical loop (CL). A. Representative fluorescent microscopy pictures of K5-H2BGFP mouse maxillary incisor at postnatal 28 day
(P28) before (a) or after (b) doxycycline treatment for 7 days. Left box, the mature ameloblast region of the same tooth; right box,
confocal image of a frozen section of the labial CL shows GFP retaining cells. B. Wholemount X-gal staining of wildtype and Lgr5LacZ
maxillary incisor. C. Section of the same tissues in (B) with eosin counterstaining showing that Lgr5-expressing cells were scarce and
located in the SR opposite to the OEE. D. Wholemount of X-gal staining of Lgr4LacZ maxillary incisor (a) and section of the same tissue
with eosin counterstaining (b) showing Lgr4-expressing cells. Dashed lines outline the CL; arrow heads indicate labial and arrows indicate
the lingual CLs; SR, stellate reticulum; OEE, outer enamel epithelium; F, follicular; and P, dental papillary stromal cells.
992 J.Y.F. Chang et al.passages. The mixtures were plated around the rims of wells
in a 12-well plate and allowed to solidify at 37 °C for 30 min.
After adding 1 ml of CnT-24 medium to each well, the cells
were cultured in a CO2 incubator at 37 °C. The medium was
replenished every 3 days. Ten to fourteen days after plating,
spheres with a diameter of over 50 μm were counted. Topassage spheres, the medium was aspirated off and Matrigel
was digested by incubation in 500 μl of dispase solution
(1 mg/ml, dissolved in DPBS) for 30 min at 37 °C. Digested
cultures were collected, pelleted, resuspended, and incu-
bated in 0.005% Trypsin/EDTA (Life Technologies) for 25 min
at 37 °C, and passed through a 40 μm filter. Cells were
993Self-renewal and multilineage differentiation of mouse dental epithelial stem cellscounted and replated. The differentiation medium was
composed of DMEM + 10%FBS with 3.0 mM Calcium, 100 nM
dexamethasone, 10 mM β-glycerolphosphate, and 50 μg/ml
L-ascorbic acid. LS8 cells (Chen et al., 1992) derived from
enamel organ and human 293 cells were maintained in 5%
FBS-DMEM.Histology and histochemical analyses
Spheres were fixed with 4% paraformaldehyde (PFA) solution
for 30 min at 4 °C. Postnatal mouse heads were fixed with
4% PFA solution at 4 °C overnight, and then decalcified by
incubation in the decalcifying solution containing 12.5%
EDTA and 2.5% PFA for 2 weeks at 4 °C. The decalcifying
solution was changed twice a week. Fixed tissues were
serially dehydrated with ethanol, embedded in paraffin, and
completely sectioned according to standard procedures.
Immunohistochemical analyses were performed on paraffin
sections (5 μm) or frozen sections (10 μm) mounted on
Superfrost/Plus slides (Fisher Scientific, Pittsburgh, PA).
Antigens were retrieved by boiling in citrate buffer (10 mM)
for 20 min or as suggested by the manufacturers. Frozen
incisor CL tissue sections, spheres, and cytospins were fixed
in cold acetone for 5 min. The sections were incubated with
primary antibodies diluted in PBS at 4 °C overnight. The
sources and concentrations of primary antibodies are: rabbit
anti-amelogenin (1:1000 for tissue section, Western blot and
1:2000 for spheres and cells, a generous gift from Dr. Jan
C.C.-Hu, University of Michigan, School of Dentistry); mouse
anti-CK14 (1:400 for tissue section and cells, 1:3000 for
Western blot, Santa Cruz Biotechnology (Santa Cruz, CA);
anti-human/mouse CD49f (GoH3; 1:100, BioLegend, San
Diego, CA), anti-human/mouse CD44 (1:100, eBioscience,
San Diego, CA; clone IM7), and rat anti-Sca-1 (1:100, BD
Pharmingen, San Diego, CA; clone D7). Specifically bound
antibodies were detected with the ExtraAvidin Peroxidase
System from Sigma (Saint Louis, MO) or with FITC- or
APC-conjugated secondary antibodies (Life Technologies,
Grand Island, NY), and visualized on a Zeiss LSM 510 Confocal
Microscope.
To assess alkaline phosphatase activity, the sphere cells
were fixed with 4% PFA for 10 min and washed with the AP
buffer (100 mM Tris–HCl, pH 9.5, 100 mM NaCl, 10 mM
MgCl) for 10 min, followed by color development for
8–10 min in the solution containing NBT/BCIP substrate.
Alizarin red S staining was used to assess mineralization in
cells and tissue sections. Briefly, cells were fixed with 4%
PFA for 10 min and washed with distilled water and then
stained with 2% alizarin red S, pH 4.2 for 1–2 min. Cells or
sections were dehydrated in acetone and acetone–xylene
(1:1) solution (20 dips each), cleared with xylene, and
mounted.
For BrdU labeling assays, BrdU (Sigma, St. Louis, MO) was
added to the culture medium at a final concentration of
10 nM after seeding. After incubation for 24 h, the cells
were washed with PBS three times. New culture media were
then added to each well. Incorporated BrdU was detected by
immunostaining with anti-BrdU antibody (1:500 dilution,
Sigma Co, St. Louis, MO). For LacZ staining, the tissues and
spheres were first lightly fixed with 0.2% glutaraldehyde for
1 h or 15 min, respectively and then incubated overnightwith 1 mg/ml X-Gal at room temperature. The tissues were
dehydrated and processed according regular procedures for
paraffin embedding after a wash with PBS for 10 min,
post-fixed with 4% PFA at room temperature overnight, and
decalcified as aforementioned.In situ hybridization
Rehydrated paraffin-embedded tissue sections or frozen
sections were digested with 20 μg/ml protease K for 7 min
at room temperature. After prehybridization at 65 °C for
2 h, the hybridization was carried out by overnight
incubation at 65 °C with 0.5 μg/ml digoxigenin labeled
RNA probes for the indicated genes. Non-specifically
bound probes were removed by washing four times with
0.1 x DIG washing buffer at 60 °C for 30 min. Specifically
bound probes were detected using alkaline phosphatase-
conjugated anti-digoxigenin antibody (Roche, Indianapo-
lis, IN). The Olfm4 probe was constructed as described
(Barker et al., 2007).Flow cytometry and cell sorting analysis
Tooth CL or sphere cells were stained with: APC conjugated
anti-CD49f (BioLegend, clone GoH3, 20 μl/100ul), APC
conjugated anti-Sca-1 (BD Pharmingen and Miltenyi Biotec,
Auburn, CA; clone D7, 1 mg/ml), or FITC or APC conjugated
anti-CD44 (BD Pharmingen and eBioscience; clone IM7,
1 mg/ml), as well as PE. All antibody incubations, washes,
and flow cytometric analyses were performed in cell sorting
buffer (1× PBS, 2% FBS). Analyses were conducted on a BD
FACSAria I SORP or BD Accuri C6 Flow cytometer, and a
minimum of 10,000 counts was acquired for each experi-
mental condition. Fluorescence-activated cell sorting (FACS)
was performed on a BD FACSAria I SORP, and cells were
sorted into DMEM + 20% FBS. Primary antibody labeling
for flow cytometry and cell sorting was conducted using
a 20-min ice-cold incubation with antibody dilution
according to manufacturer's suggestions in a volume of
100 μl per 1 million cells in cell sorting buffer. The cells
were washed in 1 ml ice-cold cell sorting buffer, re-
suspended in 0.5 ml cell sorting buffer, and analyzed.
Proper isotype controls were used according to
manufacturer's suggestions.Gene expression analysis
Total RNA was extracted with the Ribopure RNA isolation
reagent (Ambion, TX). Reverse transcription was carried out
with SuperScript III (Life Technologies, Grand Island, NY) and
random primers. Real-time PCR was performed on Mx3000
(Strategene), using the SYBR Green JumpStart Taq ReadyMix
(Sigma, St. Louis, MO) with pairs of primers specific for each
transcript and following the manufacturer's protocol. The
ratio between expression levels in the two samples was
calculated by relative quantification, using β-actin as a
reference transcript for normalization. The primer se-
quences are listed in Table 1.
Table 1 Nucleotide sequence of primers.
Genes Primers
Abcg 5′ GGGTGGCTTTTGTGGCAGGC 3′
5′ ACTTGCCTCCGCCTGTGGGT 3′
CD44 5′ AATTCCGAGGATTCATCCCA 3′
5′ CGCTGCTGACATCGTCATC 3′
Sca-1 5′ ATGGACACTTCTCACACTACAAAG 3′
5′ TCAGAGCAAGGTCTGCAGGAGGACTG 3′
CD49f 5′ GTGGCCCAAGGAGATTAGC 3′
5′ GTTGACGCTGCAGTTGAGA 3′
CD133 5′ ACCAACACCAAGAACAAGGC 3′
5′ GGAGCTGACTTGAATTGAGG 3′
Klf4 5′ CACCATGGACCCGGGCGTGGCTGCCAG AAA 3′
5′ TTAGGCTGTTCTTTTCCGGGGCCACGA 3′
Lgr4 5′ TACAGATGCAGCAAATGCCAC 3′
5′ GGCAGTGATGAACAAGACGCA 3′
Lgr5 5′ CCTCTGCTTCCTAGAAGAGTTAC 3′
5′ CTAGTTCCTTAAGGTTGGAGAGT 3′
CK14 5′ GACTTCCGGACCAAGTTTGA 3′
5′ CTTGAGGCTCTCAATCTGC 3′
Amg 5′ CCTGCCTCCTGGGAGCAGCTT 3′
5′ CACGGGCTGTTGAGCTGGCA 3′
Amb 5′ TGGGGCTCAAGGCATGGCAC 3′
5′ TGCAGCAGTGGGCTGGAGGA 3′
Jagged1 5′ GCACCCGCGACGAGTGTGAT 3′
5′ TCCCAGGCCTCCACCAGCAA 3′
Notch 1 5′ CCCACTGTGAACTGCCCTAT 3′
5′ CACCCATTGACACACACACA 3′
Notch 2 5′ TGCAGCTCAGAGGGCAGCCT 3′
5′ GCCACGGCACAAGTCCCTCC 3′
ALP 5′ CATGGGTGGCGGCCGGAAAT 3′
5′ CCTGGAGGGGTCAAGGGCCA 3′
EMSP-1 5′ CCCACCTCTCCATCCAGCAC 3′
5′ GGCCTTGTAGTCAGTCCATAGC 3′
Tuftelin 1 5′ CTGCCTGCAGAAGCTCCGGG 3′
5′ GGTCTGACTGGTGTCGCCGC 3′
β-actin 5′ GCACCAAGGTGTGATGGTG 3′
5′ GGATGCCACAGGATTCCATA 3′
994 J.Y.F. Chang et al.Western blotting analysis
Dissected teeth or cultured cells were homogenized in the
cell lysis buffer (0.5% Triton X-100-PBS), and the lysates
were harvested by centrifugation. Western blot analyses
were performed as previously described (Zhang et al., 2008).
Quantification of the band intensities was performed using
NIH Image J software (http://rsb.info.inh.gov/ij).
Statistical analyses
Except specified in the Results or figure legends, all data
were collected from three independent experiments and
expressed as means ± standard deviation. The statistical
significance between means of multiple groups was assessed
by ANOVA and between means of two groups was assessed by
t-test. Data was analyzed by using SPSS 16.0 software.
p ≤ 0.05 was considered significant.Results
Mouse incisor CLs contain both slow-cycling and
Lgr5+ DESCs
To determine whether mouse incisors had slow-cycling SCs,
the tetracycline-regulated K5-H2BGFP reporter system was
utilized to trace the label retaining cells. Expression of the
histone 2B-green fluorescent protein (H2B-GFP) fusion
protein was driven by the keratin 5 (K5) promoter under
the control of tetracycline-suppressor (Tumbar et al., 2004).
All dental epithelial cells were H2B-GFP positive without
being treated with doxycycline (Fig. 1A). After doxycycline
treatment to turn off H2B-GFP expression for 7 days, the
inner enamel epithelium (IEE) where transit amplifying (TA)
cells were located was GFP negative. The slow-cycling GFP
retaining cells only were present at the labial and lingual CLs
and differentiated ameloblast areas (Fig. 1A). Furthermore,
the GFP retaining cells in the labial CL were mainly located
in the OEE, which was similar to previously reported results
(Seidel et al., 2010). As the Lgr5LacZ reporter alleles had
been widely used to identify active SCs (Barker et al., 2007),
we then used the mice carrying Lgr5LacZ alleles to identity
active DESCs in the CL. Wholemount LacZ staining revealed
that only a few cells in the labial CL were weakly Lgr5+
(Fig. 1B). Tissue section staining showed that the Lgr5LacZ
positive cells were mainly located in the SR within the zone
adjacent to the OEE (Fig. 1C), which was consistent with in
situ hybridization data showing Lgr5 expression in the SR of
embryonic incisors (Suomalainen and Thesleff, 2010). Unlike
label retaining/slow-cycling SCs in both labial and lingual
CLs, Lgr5 expression was identified only in the labial, but not
the lingual, CLs (Fig. 1C). Lgr4 is expressed in slow cycling
SCs, active (Lgr5+) SCs, TA cells, and stromal cells surround-
ing SC niches of dermal papillae and intestine (Snippert et
al., 2010; de Lau et al., 2011). We then used the Lgr4LacZ
reporter to identify the Lgr4-expressing cells in the CL
(Fig. 1D). Strong and broad X-gal stained cells were found in
both epithelial and stromal cells surrounding the CL.
Sections of the wholemount X-gal stained tissues further
showed that the Lgr4 expressing cells were located in the
OEE and SR regions of the labial CL, as well as the dental
follicular and dental papillary stromal cells. Together, these
data suggest that similar to other actively renewing organs,
the mouse incisor CL contains both slow-cycling and Lgr5+
SCs.
Establishing a sphere culture system suitable for
propagating DESCs
Since the in vitro sphere-forming capacity is a common way
to assess the self-renewal property of SCs from various organs
(Reynolds and Rietze, 2005; Dontu et al., 2003; Xin et al.,
2007), a sphere culture system optimized for propagating
DESCs was established. The CL regions defined as the apical
tissue distal to the tooth mineralized portion (Fig. 1A) were
dissected from postnatal day (P) 7 mice. The dissociated cells
were cultured in Matrigel (Fig. 2Aa). The cells formed
spheres within 7–10 days after inoculation with an efficiency
of 0.0513% ± 0.0133%. The average diameter of the spheres
was 100 μmor larger. Under the same conditions, immortalized
Figure 2 DESC spheres contain both label retaining and Lgr5-expressing DESCs. A. Morphology of DESC spheres. Phase contrast
images of DESC spheres (a); H&E staining of a DESC sphere section (b). B. Cell-lineage tracing with Nkx3.1cre-ROSA26LacZ (a) or
K5-H2BGFP reporter showing the epithelial origin of DESC spheres (b). C. BrdU (a) or H2BGFP (b) label retaining cells in DESC spheres.
Arrows indicate label retaining cells. Insert is a negative control carrying only the H2BGFP transgene. D. In situ hybridization showing
Olfm4 (representing Lgr5)-expressing cells in DESCs (a) and sense probe as negative control (b). E. X-gal staining with eosin
counterstaining of DESC spheres bearing Lgr4LacZ (a) or wildtype Lgr4 animals (b). F. RT-PCR analyses of total RNAs extracted from
14-day cultured DESC spheres derived from maxillary (uS) or mandibular (lS) incisors or the cervical loop (CL). -, no RT for negative
control. To-Pro3 (TP3) was used for nuclear counter staining. Scale bar, 100 μm.
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al., 1992), and a differentiated tooth epithelial cell line
developed in our laboratory did not form spheres (data not
shown). H&E staining of sphere sections revealed that the
majority of spheres had an organized, concentric structure
(Fig. 2Ab). The cells at the periphery were small, had
hyperchromatic nuclei and a high nuclear to cytoplasmic ratio.
The cells in the middle were larger with abundant cytoplasm
and had a low nuclear/cytoplasmic ratio. The center of the
sphere, however, was devoid of cells, but nearly full of
non-cellular material possibly secreted by the cells although
the composition remained uncharacterized. Cell lineage tracing
with Nkx3.1cre-ROSA26lacZ or K5-H2BGFP reporter alleles dem-
onstrated that the sphere cells were epithelial in origin
(Fig. 2B). To determine whether the DESC spheres contained
label retaining cells that represented slow-cycling DESCs, BrdU
labeling was used to trace the slow-cycling cells in the spheres.
There were a few BrdU positive cells in the peripheral region
even at day 7 after BrdUwithdraw, demonstrating the presence
of long-term label retaining cells in DESC spheres (Fig. 2Ca). In
addition, the tetracycline regulated K5-H2BGFP reportersystem was also used to trace the label-retaining cells in DESC
spheres. Without the doxycycline treatment, the K5-H2BGFP
bearing DESC sphere cells had strong GFP signals (Fig. 2Bb and
data not shown), but not those bearing the H2BGFP control
transgene (Fig. 2Cb, insert). However, only 0.94 ± 0.33% of the
sphere cells had retained GFP signals randomly distributed in the
peripheral region of the spheres in the presence of doxycycline
(Fig. 2Cb). The GFP signals were restricted to the nucleus, which
made it distinguishable from dead cells that normally had GFP
homogenously distributed throughout the cell. Since the spheres
were derived from a single cell, the retained nuclear H2B-GFP
signal indicated that the cells were early progeny of the
sphere-forming cells. They did not undergo multiple division
cycles that would dilute the nuclear H2B-GFP signal.
Since expression of Lgr5 is widely used to identify active
SCs of various tissue origins (Snippert and Clevers, 2011;
Barker et al., 2007, 2012; Huch et al., 2013), we then
examined Lgr5 expression in DESC spheres. However, the
expression of Lgr5 was too weak to be clearly demonstrated.
Therefore, we examined the expression of Olfactomedin 4
(Olfm4), an olfactomedin-related glycoprotein coexpressed
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Flier et al., 2009). In situ hybridization revealed that
Olfm4 was expressed in the cells at the junction between
outer and middle cell layers of the spheres (Fig 2D). Lgr4 is
another marker expressed in SCs and TA cells (Snippert et
al., 2010; de Lau et al., 2011). X-gal staining of Lgr4LacZ
positive spheres revealed that Lgr4 was expressed in a
similar but slightly broader region than that of Olfm4
(Fig. 2E). RT-PCR analyses further demonstrated that DESC
spheres and CLs expressed multiple SC markers, including
ATP-binding cassette transporter gene (Abcg), CD44,
Sca-1, CD49f, CD133, Klf4, Lgr4, and Lgr5 (Fig. 2F).
Together, these results suggest that the DESC spheres
contain both slow-cycling and Lgr5+ SCs located at
separate, yet adjacent, regions. To date, the DESC spheres
have been maintained in culture for more than 10 months
and have been subcultured for more than 18 passages.
These long-term culture experiments have been repeated
three times. In contrast, the lifespan of ameloblasts in
primary culture is about 2–3 passages or 8 weeks (Li et al.,
2006).Figure 3 Multiple dental epithelial cell lineages from DESC sphere
CK14 or amelogenin (Amg) antibodies as indicated. No primary anti
sphere cells were immunostained with anti CK14 or Amg antibodies a
of 2D-cultured passage 7 DESC sphere-derived cells for expression le
control. The expression levels in (b) were normalized with β-actin lo
Matrigel cultured spheres as 1. Data are means ± sd from 4 replicate
2D-culture of P8 sphere cells. E. Alizarin Red staining demonstrating
or human 293 cells cultured in differentiation medium. F. RT-PCR an
cells (A), 14-day cultured DESC sphere cells derived from maxillary
expression of cell lineage-specific markers. -, no RT for negative co
indicate ALK positive cells inside the spheres. Jag1, Jagged 1; EMSP1
*, p b 0.05; scale bar: 100 μm.Differentiation of DESC sphere cells into dental
epithelium
To determine whether DESC-containing spheres exhibited
differentiated dental epithelial cells, immunostaining with
anti-cytokeratin and anti-amelogenin was carried out.
Although mainly expressed in basal cells in other organs,
CK14 is expressed in the whole rodent dental epithelium
with the highest expression in fully differentiated cells
(Kawano et al., 2004). The results revealed weak expression
of CK14 and scanty or no amelogenin expression in DESC
sphere cells (Fig. 3A). To further evaluate the differentia-
tion capability of DESC sphere cells, the spheres were
disassociated, plated in regular tissue culture dishes, and
cultured in the epithelial medium until confluence was
reached. The medium was then changed to the differenti-
ation medium and the cultures were continued for another
2 weeks. The monolayer cultured cells demonstrated differ-
ent morphology ranging from tightly adherent, small round,
to large flattened cells. The majority of the cells expressed
CK14 and amelogenin (Fig. 3B). To avoid contamination ofcells. A. Sections of DESC spheres were immunostained with anti
body served as a negative (Neg) control. B. 2D cultures of DESC
s indicated. C. Western blot (a) or real-time RT-PCR (b) analyses
vels of CK14 and Amg. Protein extracts of teeth (T) were used a
ading controls and presented as relative expression ratios using
d samples. D. RT-PCR analyses of Amg and ameloblastin (Amb) in
calcified cells and products in the 2D-cultured DESC spheres cells
alyses of total RNAs extracted from 2D cultured sphere-derived
(uS), mandibular (lS) incisors, and cervical loop (CL), showing
ntrol. G. Alkaline phosphatase staining of DESC spheres. Arrows
, enamel matrix serine proteinase 1; ALP, alkaline phosphatase.
997Self-renewal and multilineage differentiation of mouse dental epithelial stem cellspre-existent ameloblasts that would diminish after 2–3
passages, high passage sphere cells were used for the
Western blot and semi-quantitative real-time RT-PCR anal-
yses for the expression of CK14 and amelogenin. The results
demonstrated that both CK14 and amelogenin were
expressed in 2-D cultures of sphere cells, although the
expression level of amelogenin was much lower than in tooth
tissues (Fig. 3C). Furthermore, the 2-D cultures also
expressed ameloblastin, another characteristic protein
expressed during amelogenesis (Fig. 3D). Ameloblastin is
normally expressed in early stages of amelogenesis. There-
fore, it was not surprising to see ameloblastin expression was
higher than that of amelogenin.
Enamel is a highly mineralized tissue, which is primarily
composed of crystalized calcium phosphate. To determine
whether cells in DESC sphere had the potential to produce
mineralized materials, the 2-D cultures of DESC cells were
maintained in high calcium differentiation medium for two
weeks and then subject to Alizarin Red staining (Fig. 3E).
The results showed that the DESC cells were highly enriched
in calcium and also were able to produce calcified matrix
materials. Under the same conditions, human 293 cells did
not exhibit calcium deposits, indicating that the calcium
deposition in 2D cultured OESC sphere cells was not due to
precipitation of medium calcium, although it had not been
examined whether the calcified materials were hydroxyap-
atite or calcium phosphate. Together, the results demon-
strate that DESC sphere cells have the potential to
differentiate into ameloblasts.
The DESCs give rise not only to the IEE that later
differentiate to ameloblasts, but also the OEE, SR, and SI
(stratum intermedium). To determine whether DESC sphere
cells expressed these indicators of differentiation, RT-PCR
analyses were carried out to detect the characteristic
differentiation markers for these four lineages (Fig. 3F).
Clearly, the DESC spheres expressed specific markers of
ameloblasts at different maturation stages, including
ameloblastin, enamel matrix serine proteinase 1 (EMSP1),
and Tuftelin (early secretory to late maturation, early
maturation stage, preameloblast, respectively). In addition,
DESC spheres also expressed several characteristic mole-
cules of various dental epithelial cells, including Jagged1 of
the IEE, Notch1 of the SR and SI, Notch2 of the OEE and SR,
and alkaline phosphatase (ALP) of the SI. Although ALP was
expressed in the SI and stromal cells, the spheres were only
composed of epithelial lineage cells. Thus, the ALP express-
ing cells in the spheres were the SI lineage cells (Fig. 3G).
Therefore, the results indicated that the DESC spheres
contained cells expressing markers of various differentiation
stages and lineages. Further experiments are needed to
determine whether there are distinct populations of cells in
the spheres representing each individual lineage.The CD49fBright subpopulation is enriched in
sphere-forming cells
Since the commonly used SC surface markers, CD44, Sca-1,
and CD49f were expressed in the CL and DESC spheres
(Fig. 2D), we then examined whether these surface markers
were suitable for assessing enrichment of DESCs by evaluat-
ing the sphere-forming activity of CD44+, Sca-1+, and CD49f+cells. FACS analyses revealed that CD44, Sca-1, and CD49f
were expressed in 2.4 ± 0.3%, 4.8 ± 0.7%, and 39.1 ± 0.4% of
maxillary CL cells (Fig. 4A) and 1.8 ± 1.3%, 86.9 ± 3.2%, and
95.2 ± 0.6% of sphere cells (Fig. 4B). Surprisingly, CD44+ or
Sca-1+ sorting did not enrich cells with high sphere-forming
activities; only the CD49f+ cells had high sphere-forming
capacity (Fig. 5A). Cell lineage tracing with Nkx3.1Cre and
ROSA26YFP reporter alleles revealed that only a fraction of
CD49f+ cells in the CL were YFP expressing epithelial cells
(Fig. 5B), suggesting that CD49f was also expressed in
stromal cells that did not express Nkx3.1Cre. Yet, all DESC
spheres were epithelial in origin (Fig. 2A). Therefore, CD49f
is a suitable surface marker for enriching sphere-forming
DESCs.
About 23% of cells in both maxillary and mandibular CLs
were weak CD49f+ and 13% of cells were strong CD49f+
(Fig. 5C). Therefore, the CD49f+ population was further
separated into CD49fBright and CD49fDim groups. Sphere-
forming analyses revealed that CD49fBright cells were 200
folds more efficient in forming spheres than the CD49fDim
group (0.14 ± 0.13% versus 0.0007 ± 0.00001%, p b 0.001)
(Fig. 5D). The CD49fBright cell-derived spheres had been
passaged for more than 10 generations, and the sphere-
forming efficiency was similar to those derived from
unfractionated CL cells. These results suggest that the cells
expressing high CD49f also have higher sphere-forming
capacity than those non- or low CD49f expressing cells, and
that CD49fBright can be used as a surface marker for enriching
and identifying DESCs.
To determine whether CD49f was expressed in slow-
cycling DESCs, we then utilized the tetracycline-regulated
K5-H2BGFP reporter to trace slow-cycling DESCs. Immuno-
staining revealed that CD49f was primarily expressed in the
basement membrane opposite to the OEE, where the
long-term H2B-GFP retaining cells resided (Fig. 6A). In
addition, there were some scattered but bright CD49f
staining cells in the SR adjoining the OEE, where Lgr5+ cells
resided, which was consistent with a previous report
(Kieffer-Combeau et al., 2001). Similarly, bright CD49f
stained cells were also found in the middle layer of DESC
spheres where the Lgr5+ DESCs were located, as well as at
the sphere periphery where the slow cycling cells were
found (Fig. 6B). Thus, the results suggest that both
slow-cycling and Lgr5+ DESCs were CD49f+.
To further confirm that CD49fBright cells included both
slow-cycling and Lgr5+ DESCs, two-color FACS analyses were
carried out to determine the expression level of CD49f in
K5-H2BGFP retaining and Lgr5+ DESCs (Fig. 6C). Before
doxycycline treatment, the K5-H2BGFP CL cells had high
(105.5–107 units) GFP fluorescence. The CL cells isolated
from 7 day doxycycline chased K5-H2BGFP transgenic mice
had 18.40 ± 3.02%cells displaying a broad range (104 to 107
units) of GFP expression. Among them, 3.2 ± 0.95%
exhibited high (105.5–107 units) GFP (GFPhigh) fluorescence.
The majority of the GFPhigh cells were CD49fBright, indicating
that the majority of slow-cycling DESCs exhibited high CD49f
expression, similar to label retaining SCs in other organs. CL
cells isolated from the mice carrying the Lgr5EGFP-ires-CreERT2
reporter allele had 0.35 ± 0.15% of Lgr5+ cells in the
maxillary incisor CL. The results were consistent with those
derived from Lgr5LacZ reporter mice that Lgr5 was only
weakly expressed in a limited number of cells. Interestingly,
Figure 4 DESC sphere culture enriches Sca-1 and CD49f expressing cells. FACS analyses of freshly dissociated CL cells (A) or P0 DESC
sphere cells (B) labeled with anti-CD44, Sca-1, or CD49f antibodies, demonstrating that the populations of cells expressing Sca-1 or
CD49f were significantly increased by sphere culture.
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were CD49fBright cells (Fig. 6D), indicating that active DESCs
exhibited high CD49f expression. Together, the results
indicate that the CD49fBright subpopulation includes both
label retaining slow-cycling and Lgr5+ DESCs.Discussion
By using the tetracycline-regulated K5-H2BGFP model that
marks slow-cycling SCs and the Lgr5LacZ model that labels
active SCs, we showed the existence of both slow-cycling
and Lgr5+ DESCs in mouse incisor CLs. We also demonstrated
that the locations of slow-cycling and Lgr5+ SCs were not
overlapping but were adjacent to each other as shown in
Fig. 7. Since the sphere-forming ability is a unique property
of many tissue SCs, Matrigel sphere cultures have been
established for many tissue SCs, including those from the
prostate, mammary gland, and neural tissues. Using a similar
strategy, we established a sphere culture system for DESCs
and demonstrated that DESC spheres contained both
slow-cycling and Lgr5+ SCs. Similar to the CL, the two types
of DESCs also were located at different areas in the sphere
(Fig. 7). We further demonstrated that sphere cells were
able to express differentiation markers of different dental
epithelial lineages, including the IEE, OEE, SR, and SI.
Emerging evidence validates the finding that the slow-
cycling SCs can be identified by long-term label retention
and active SCs can be identified by expression of Lgr5(Li and Clevers, 2010). Therefore, this is the first in-
depth study that delineates slow-cycling and active
DESCs in vivo and the first report of an in vitro DESC
culture system that can be used for DESC characteriza-
tion and related studies.
RT-PCR analyses revealed that several common SCs
surface markers, including Sca-1, CD49f, and CD44 were
expressed in both CLs and DESCs. CD49fBright CL epithelial
cells were able to self-renew by forming spheres and to
express characteristic genes of all four tooth epithelial
lineages. This suggests that the CD49fBright cells represent
DESCs and that CD49fBright based FACS can be used to enrich
DESCs. The expression of CD49f is remarkably conserved in
SCs in different organs, such as prostate (Lawson et al.,
2007), mammary gland (Stingl et al., 2006), skin (Tani et al.,
2000), and DESCs as shown in this study. Moreover, the data
herein further demonstrated that CD49f expressing cells
include the majority of slow-cycling and Lgr5+ DESCs.
Therefore, although CD49f is expressed in DESCs and stromal
cells, it can be used to enrich DESCs when combined with the
sphere-culture system since only DESCs form spheres. CD49f,
also called integrin α6, is a receptor for laminin α5 that is a
major laminin in the basement membrane of tooth germs.
Intense expression of CD49f mRNA and protein has been
found localized in the dental epithelium during early stages
of tooth morphogenesis (Salmivirta et al., 1996). CD49f was
first described as cell surface marker for epidermal stem
cells by Li et al. (1998). In addition to being a surface
marker, CD49f also plays an important role in maintaining
Figure 5 Cell sorting based on CD49fBright enriches sphere-forming DESCs. A. Sphere-forming analyses for FACS sorted cells based on
CD44, Sca-1, or CD49f, showing that only CD49f+ cells consistently form DESC spheres. B. Two color FACS analyses of freshly
dissociatedCLcells fromNkx3.1cre-ROSAEYFPmice showingCD49fwasexpressed in bothepithelial (YFP+) and stromal (YFP-) cells.C. CD49f+
cells were arbitrary divided into Dim and Bright groups based on fluorescence intensity. Two third of CD49f+ cells (23% of total population)
only exhibit weak CD49f expression. About 13% cells forma separate population exhibiting high CD49f expression.D. Sphere-forming assay
showing that only CD49fBright cells have high sphere forming activity. Unsorted freshly dissociated cells wereused as the control; *p b 0.05.
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small tooth germs with defective epithelial proliferation and
disturbed cell polarity. Although the function of CD49f in
DESCs remains to be investigated, treating tooth germ organ
cultures with anti-CD49f antibody inhibits tooth germ
development (Fukumoto et al., 2006), suggesting that
CD49f may also play a role in maintaining DESCs.
Although Sca-1 is another conservedmarker present in both
stromal and epithelial SCs of many tissues, including hemato-
poietic cells (Spangrude et al., 1988), mouse incisor pulp
progenitor cells (Balic et al., 2010), lung (Kim et al., 2005),
prostate (Lawson et al., 2007), and pancreas (Rovira et al.,
2010) SCs, Sca-1 based sorting did not enrich the sphere-
forming DESCs. Moreover, immunostaining demonstrated that
Sca-1 was mainly expressed in the middle and center of DESC
spheres where TA cells resided (Fig. 6B). This suggests that
Sca-1 is expressed more in TA cells instead of DESCs in the
dental epithelium, although it cannot be excluded that the
DESC sphere culture described herein did not provide a
suitable environment for propagating Sca-1+ DESCs. The
sphere-forming efficiency varied considerably between dif-
ferent populations. CD49fBright cells consistently had a 2.8 fold
higher sphere-forming activity than unsorted cells (0.05%
unsorted, 0.14% CD49fBright). Although Lgr5-GFP+ cells werescarce (0.4%) in the CL, wewere able to isolate Lgr5-GFP+ cells
for sphere-forming assays and the sphere-forming efficiency
was 0.6%, which was a 12-fold increase compared to unsorted
cells. No K5-H2BGFP retaining cells could form spheres in
culture, suggesting that the sphere culture system did not
contained factors needed to activate slow-cycling DESCs.
FACS analyses showed that only around 2% of cells in the
CL region are CD44+. CD44 is intensively expressed in
presecretory ameloblasts, the SI, odontoblasts, and the
wall of blood vessels, but not in the OEE or at the IEE-OEE
junction in developing human tooth germ (Felszeghy et al.,
2001). The enzyme-based cell dissociation process may
remove surface markers and it takes longer than 3 h to
replenish, which may affect the quantity and quality of
surface marker based cell sorting. However, this influence is
enzyme- and surface marker-specific (Mulder et al., 1994;
Ford et al., 1996). It appears that dispase and collagenase
dissociation does not affect the cell sorting based on surface
marker in SCs of other organs, such as prostate, breast, and
skin (Stingl et al., 2006; Lukacs et al., 2010; Szabo et al.,
2012). Our data here also showed that dispase and
collagenase treatments did not affect CD49fBright-based cell
sorting for DESCs. However, it cannot be ruled out that the
negative results for CD44 and Sca-1 based sorting were due
Figure 6 Distribution of CD49f+ cells in the labial CL and DESC spheres. A. Confocal images of CD49f immunostaining of the labial CL
of K5-H2BGFP mice 7 days post doxycycline treatment, showing CD49f+ cells at the basement membrane opposite to OEE (arrow head)
and scattered CD49f +cells in the stellate reticulum (arrows). B. Confocal images of CD49f and Sca-1 immunostaining of DESC spheres,
demonstrating CD49fBright cells in the peripheral region (arrow), scattered CD49f+ cells in the middle of the spheres, and Sca-1+ cells
in the middle to center areas of the spheres. TP3 was used for nuclear counterstaining. Scale bar: 100 μm. C. Two-color FACS analyses
of freshly prepared CL cells of K5-H2BGFP before and after 7 days doxycycline treatment, showing the majority of GFPhigh cells were
also CD49fBright as marked by red box. D. Two-color FACS analyses of freshly prepared CL cells of Lgr5EGFP-IRES-CreERT2, showing the
majority of GFP+ cells were also CD49Bright as marked by the box. Scale bar: 100 μm.
Figure 7 Schematic of localization of label retaining and Lgr5+ DESC in the CL and DESC spheres. Label retaining cells (LRC) and
Lgr5+ DESCs coexist in the mouse incisor CL and DESC spheres at separate yet adjoining locations. Am, ameloblasts; D, dentin;
E, enamel; IEE, inner enamel epithelium; F, dental follicular stromal cells; O, odontoblasts; OEE, outer enamel epithelium; P, dental
papilla stromal cells; SI, stratum intermedium; and SR, stellate reticulum.
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1001Self-renewal and multilineage differentiation of mouse dental epithelial stem cellsto the removal of these two surface markers by dispase and
collagenase.
In summary, this is the first report on both in vivo and
in vitro characterization of slow-cycling and Lgr5+ DESCs in
the mouse incisor CL. As the majority of both slow-cycling
and Lgr5+ DESCs highly expressed CD49f, CD49fBright can
serve as a surface marker for identifying and isolating DESCs.
Furthermore, the in vitro DESC sphere culture system
provides a new venue to expand and maintain DESCs for
exploring the potential of DESCs in tooth regeneration.Acknowledgments
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